The health outcome of consanguineous/endogamous unions is an increased risk of autosomal recessive disorders in their progeny. This manuscript is focused on consanguineous/endogamous populations living in North Israel. Molecular tools show that spouses' relatedness and hence their risks for congenital diseases among offspring are often greater than the risk calculated on the basis of reported pedigrees. Revealing founder mutations allow for effective genetic counseling, but also induce genetic screening of the whole community in case the mutations are found to be frequent. More complex genetic mechanisms, such as co-inheritance of more than one condition, allelic and even locus heterogeneity, have been identified. These mechanisms make genetic counseling more challenging but with the advancement of molecular techniques, diseases can be better deciphered. Yet, the presence of multiple mutations responsible for genetic diseases in isolated populations, and occasionally locus heterogeneity of diseases, is an unexpected phenomenon that still needs mechanistic clarification. It seems probably that addressing genetic counseling challenges and estimations of risks for genetic morbidity in consanguineous/endogamous couples will be achieved by introducing highthroughput genetic technologies into daily practice. The genomic era has expanded dramatically the translation of research products to genetic counseling tools, and this tendency is expected to yield a stronger impact in a near future.
appropriate for many of the couples, instead of consanguinity (ie, marriage within the family). Endogamous subdivisions, further result in significantly greater intracommunity genetic homogeneity and therefore lead to increased manifestation of recessive conditions. 4 In addition, with population stratification, it can be shown that recessive founder or de novo mutations can rapidly increase to a high frequency in a local community, leading to the birth of affected children, regardless of whether the parents consider themselves as related or not. 6, 7 Thus, it seems that in inbred populations, even if spouses are not related as cousins but are both descendants of the founders, they should be considered as related. 5 The health outcome, as seen in consanguineous unions elsewhere, is an increased risk of autosomal recessive (AR) disorders in their progeny. The rate of malformations/ genetic diseases among children born to consanguineous couples in North Israel is 6.8%, 8 similar to the one observed for consanguineous couples from the general Arab population in the region. Another characteristic feature is that the closer the genetic relationship between parents, the greater the probability that they will conceive an affected child. 4 In the Arab population of North Israel, families are most of the time large with multiple loops of consanguinity, and according to accumulating experience, individuals are prone to give inaccurate data about relatedness in previous generations. 9 In addition, data obtained about familial medical history is often vague, due to various factors such as keeping medical information on genetic diseases confidential even within close family circles. Occasionally, medical problems are attributed to external factors, and furthermore distinguishing "normal" from "abnormal" health conditions is markedly subjective and prone to personal interpretation, usually in the direction of overlooking abnormalities when they are mild.
Basic estimations of consanguinity show that in first cousin marriages, for example, the spouses are predicted to have 1 of 8 of their genes in common, and on average, their progeny will be homozygous at 1 of 16 (ie, 6.25%) of loci in their genome. 4 However, in many cases the spouses result themselves from multiple consanguineous marriages and therefore the coefficient of inbreeding is higher. The limitations of estimating consanguinity and the resulting levels of homozygosity based on family reports only, become more obvious when molecular tools enter into the picture. Using single nucleotide polymorphism (SNP) array in 60 individuals with reported first cousins, we revealed an average homozygosity at 8.99% at the tested loci, with a range between 1.81% and 20.43%, implying that in many of these families the degree of inbreeding was higher than reported.
These results are in agreement with a study of UK Pakistani individuals with a range of AR diseases, whose parents were first cousins.
The researchers found that on average 11% of their genomes were homozygous (n = 38; range 5%-20%), implying that prolonged intrafamilial marriages induce a level of homozygosity difficult to predict only on the basis of simple models of consanguinity. 10 
| FOUNDER EFFECT AND WAHLUND EFFECT AT WORK
The Arab communities in North Israel exemplify 2 known phenomena in population genetics. The first is the Founder effect, which is seen when a new population is established by a few original founders.
These founders carry only a fraction of the total genetic variation of the parental population. Consequently, a given genetic change (in this context, a mutated allele) that is found in many members of the population, can be traced back to one ancestral individual. The Wahlund effect is obtained when the population stratification results in a decreased number of heterozygotes compared to that expected assuming Hardy-Weinberg equilibrium. These phenomena were showed in a study of the fate of 12 mutations in 5 different genes.
The studied village, like other localities, is relatively isolated because of the preference for consanguineous marriages. The study showed how a new mutation may expand through a founder effect mechanism among the descendants of the first carrier. The close consanguinity may lead to homozygosity for the mutant allele 3 generations after its first appearance in the population. 7 Mutations may be introduced through marriage by carrier(s) originating from another village showed for the Val726Ala mutation in the MEFV gene responsible for Familial Mediterranean Fever, 7 and for the common mutation in the GJB2 gene coding for Connexin 26 responsible for deafness. 11 Therefore, an important lesson is that the diagnosis of a single family with a recessive disorder points to a recent event, whereas the presence of a rare disorder in several families within a community suggests the presence of an older mutation. 7 This observation bears an immediate implication for genetic counseling in the community.
The scientific contribution of studying (mainly AR) monogenic diseases among consanguineous populations is invaluable to understanding the role of a wide array of genes in human. Recent advances in molecular genetics make it possible to leverage the uncovering of causal mutations for better insights into the mechanisms of pathogenicity, and new genomic tools such as whole-exome sequencing are impactful, 12 as it has been showed by dozens of articles describing mutations in newly discovered genes in endogamous populations.
Examples focusing on the Arab population of North Israel include the discovery of the POC1A gene in which mutations cause a syndrome of severe short stature associated with skin manifestations in 2 families living in different villages. 13 The mutation was found to be located on one haplotype, nevertheless, the participants excluded familial relatedness between the families. This finding was published concomitantly with a report of a different mutation in the same gene in the Saudi population. 14 In addition to growth abnormalities, developmental delay was described in Saudi affected individuals, but not in the Israeli Arab patients, raising the question of allelic heterogeneity or the presence of another mechanism such as co-occurrence of 2 unrelated conditions. Another example is the discovery of mutations in the gene encoding the mitochondrial aconitase ACO2, a component of the Krebs cycle. The resulting phenotype was a cerebellar-retinal degeneration of severe course. 15 The homozygous Ser112Arg mutation of the ACO2 gene was found in 2 families reported as unrelated. These stories stress the weakness of deducing familial bonds based on family reports only, in particular when a relocation of a member from one family (usually by marriage) to a different village is involved. These examples also exemplify the importance of genomic investigations in revealing untold families' history, which bear strong implications for genetic counseling.
| CO-INHERITANCE OF RECESSIVE DISORDERS
Laboratory genetic investigation but especially genetic counseling might be complicated tasks in consanguineous families, because of the existence of multiple mutations originating from common founders between the spouses, a phenomenon that has been reported in various ethnic groups. 4 In the Arab population of North Israel, we have been confronted with this challenging medical situation, and examples are listed in Table 1 . Any of the represented couples has 25% risk for an offspring affected by one disease, and additional 25% risk for the other one. Although the sample is too small to draw general conclusions, 5 of 7 of the couples reported complex family ties closer than first cousins, strengthening the direct relationship between level of consanguinity, homozygosity and morbidity risk.
The fact that in some families, each of the co-segregated diseases is very rare, renders the diagnostic investigation challenging, and hence the genetic counseling process. For example, the rare thrombocytopenia-3, characterized by onset of small-platelet thrombocytopenia in infancy with variable bleeding tendency, was diagnosed in family 2 (Table 1 ). This disorder is caused by mutations in the FYB gene (OMIM 602731). In the same nuclear family, the Merosin-deficiency muscular dystrophy disease due to mutated LAMA2 gene (OMIM 607855) was also diagnosed. Each mutation had been found only once more in 2 other families belonging to the community of the parents. In family 4 ( 
| ALLELIC AND LOCUS HETEROGENEITY
Homozygosity mapping efforts in consanguineous families from
North Israel have repeatedly failed to lead directly to molecular diagnosis. In many cases, retrospectively, the reason was found to be the coexistence of more than one mutation for a single disease phenotype, a pitfall that has come to light before. 16 In a village founded by The absence of the identified mutation cannot guarantee that another rare mutation does not exist elsewhere in the same gene, unless full sequencing of the specific gene is performed, a step which is presently impractical and probably rarely useful, in terms of genetic service.
Various hypotheses have been proposed to explain allelic heterogeneity in isolated populations, including random effects, migration, high mutation rate, digenism or selective advantage to carriers. The latter seemed the more plausible explanation, but a scientific proof is still needed. 23 The genomic era provides exciting insights into mutagenesis mechanisms in somatic and germ cells, thereby opening more tracks to study this puzzling observation. Mutations are acquired through interactions between intrinsic (eg, genetic) and extrinsic (eg, lifestyle, environment) factors. Mutagenesis is not regarded as a merely random event, but which rather depends on genomic position-specific intrinsic processes. 24 Chromatin structure and organization appears promising aspects for hypothesizing mechanisms explaining the mutational landscape among consanguineous families.
They are strongly correlated with variations in mutation rates, both in somatic and germ cells, and show striking heterogeneity along the genome, with some regions with elevated mutation rates specifically in the germline. The analyses of chromatin structure and mutation rates have revealed a complex, nuanced, and multifaceted picture. 25 Thus, it might be hypothesized that specific genetic variants dictating chromatin organization changes in a certain family would make specific genomic regions more susceptible to mutagenesis than others, therefore leading to mutations in certain genes. Whether any of these mutations confer a selective advantage later "down the road"
to the heterozygous carriers is a different question, for which the answer will not be necessarily uniform.
In addition, locus heterogeneity has also been observed in North
Israel for certain phenotypes. For instance, AR early-onset retinitis pigmentosa segregated in a large, highly consanguineous family of Muslim Arab origin, living in a village of about 12 000 people at the time of the study. A novel homozygous mutation of the RDH12 gene was found in only 14 of the 17 affected individuals, indicating that in the others the disease was caused by a different gene(s). 21 Striking locus heterogeneity has also been observed for Meckel syndrome. All the 11 families with affected individuals live in North Israel, in a relatively small geographical area and the phenotype was quite consistent in all patients, characterized by prenatal presentation of the classic triad of encephalocele, large polycystic kidneys and polydactyly, associated with fatal neonatal outcome. Still, when the molecular basis was systematically studied, mutations in 7 different genes were found among these 11 families. 26 Even more, 2 of the 11 families reside in one small village comprising around 3000 inhabitants. Surprisingly, in one family the mutation p.Gln355Hisfs*24 in the TMEM67 gene was found to be causative, whereas in the other family it was excluded, and the p.Gly77Ala mutation in the TMEM216 was found.
Chromatin organization seems also attractive for speculative explanations for the unexpected genetic heterogeneity seen in inbred populations. Genes whose dysfunction contributes to a disease phenotype tend to be functionally related. This is most obvious in the case of highly genetically heterogeneous diseases such as Fanconi anemia, Usher syndrome or Bardet-Biedl (and other ciliopathies)
where the various genes work together in a single biological module.
Such modules can be a multiprotein complex, a pathway, or a single cellular or subcellular organelle. 27, 28 Developments in chromosome conformation capture (3C) technologies have revealed that the 3-dimensional organization of a genome leads widely separated functional elements to reside in close proximity. Being spatially close to each other, mechanisms that favor mutagenesis in specific nuclear regions might lead to a non-random vulnerability of specific functionally related genes more than others. Hence, these mechanisms might play a role in the diversity of genetic lesions causing the same phenotypes in communities that have become genetic isolates.
| TRANSLATION INTO MEDICAL GENETIC SERVICE
In Israel, genetic services are provided mainly in hospitals. As population stratification is of critical importance in the investigation of consanguinity/endogamy-associated morbidity, 29 Arg41Gln mutation in the HMGCL gene. Table 2 
| CONCLUSIONS
The genomic era provides new opportunities for upgrading the clinical service in medical genetics. For individuals, it offers better diagnostic tools leading to an improved medical approach for a growing number of diseases that can now be "molecularly defined." The recent advances also provide better tools for reproduction and family planning decisions according to personal desires. Individuals belonging to highly consanguineous or inbred populations face higher rates of morbidity due to genetic causes on one hand, but can benefit from the community-based data on the other hand. The molecular tools allow many at-risk couples to avoid the birth of an affected child, or better medical approach to various diseases due to earlier diagnosis.
In the highly inbred communities, personalized genetic medicine often overlaps with community genetic medicine, and this fact bears many advantages to individuals belonging to the community. Taking together the complexity of risks for genetic morbidity in consanguineous/endogamous couples with the advances in molecular genetics, it seems that in the near future, the approach of choice to each couple before their first pregnancy, or even before marriage, will be the performance of high throughput sequencing (such as whole-exome sequencing). This approach is expected to maximize the usefulness of current molecular tools for genetic counseling resulting in informed personal decisions. Nevertheless, many various factors in Israel presently prevent the development of genetic services to more desirable formats, mostly due to financial and organizational constraints. Based on the current experience regarding the genetic service among the Arab population in North Israel, it is apparent that successful uptake of genetic service has a direct relationship with its availability as a free of charge service. As it has been shown previously, the compliance of the Arab community for genetic testing is extremely low when they have to pay for it. 34 The main reasons are economical, but also reflect the perception that these tests are less important because they are privately funded. 34 Therefore, improving public health in medical genetics is translated directly to the inclusion of genetic tests into the national basket of services, for example, sequencing panel of genes, exome or even genome sequencing. Even chromosomal microarray test is currently limited to some degree, thereby preventing the correct evaluation of certain families. Studying the genetic characteristics of diseases in consanguineous families has contributed tremendously to current understanding of genes, diseases and genetic mechanisms, and this contribution is only expected to grow in the future. 
